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ON  THE  CLINICAL  SIGNIFICANCE  OP  THE  PENTOSE  CYCLE 
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From  the  3rd  Therapeutic  Clinic  (Dir.  —  Academi¬ 
cian  I.  Kharvat)  Karlov  University 

Although  only  a  few  years  have  passed  since  the  dis¬ 
covery  of  the  pentose  cycle,  today,  all  issues  of  biochemical 
journals  contain  one  or  more  works  devoted  to  this  problem. 

At  first,  even  the  biochemists  thought  that  the  pentose 
cycle  was  a  freak  of  nature  characteristic  of  only  a  few 
microorganisms,  and  of  no  significance;  however,  it  has 
turned  out  that  this  cycle  is  observed  in  tissues  of  a  great 
variety  of  organisms.  It  was  further  elicited  that  although 
the  pentose  cycle  from  the  point  of  view  of  the  amount  of 
glucose  metabollczed,  is  insignificant  as  compared  with  anae¬ 
robic  glycolysis,  nevertheless  it  has  great  importance  in 
pathology. 

Heretofore,  medical  opinion  has  ignored  this  discovery 
in  seeking  solutions  of  corresponding  problems.  This  neglect 
is  due  in  part  to  the  negative  attitude  of  some  medical  bio¬ 
chemical  laboratories  which  do  not  recognize  the  existence  of 
the  pentose  cycle  in  mammalian  tissues.  For  Instance,  at  the 
Cardiological  Conference  in  Garakhovo  (June  1958),  where  new 
trends  in  the  study  of  the  pentose  cycle  should  have  been 
dealt  with,  these  were  considered  not  of  vital  Importance, 

We  are  of  the  opinion  that  it  is  precisely  at  such  conferen¬ 
ces  that  a  study  of  new  trends  should  be  discussed  and  that 
discussion  should  not  be  limited  to  the  repetition  of  long- 
known  facts  described  in  textbooks . 

Biochemical  data 

In  this  review  we  shall  not  dwell  in  detail  on  bio¬ 
chemical  processes,  but  only  point  out  the  essence  of  glucose 
metabolism. 
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After  the  requisite  initial  phosphorylation  of  glucose 
Qh  the  sixth  atom  of  carbon,  the  splitting  of  glucose  can 
proceed  in  two  ways;  via  known  anaerobic  glycolysis  (accord¬ 
ing  to  Embden,  Meyerhof,  Parnas  and  via  oxidation.  The  name 
for  the  latter,  new  way  of  glucose  splitting  has  not  yet 
been  established,  and  in  the  literature  we  come  across  such 
terms,  as  "direct  oxidation  process.”  "shortened  oxidation  of 
glucose"  (shunt),  "decarboxylatlng  oxidation  of  glucose-6- 
phosi^hate,”  "oxidation  cycle  of  glucose-6-phosphate, " 

"pentose  cycle,"  etc.).  We  employ  the  last  designation, 
since  It  conveys  well  the  essence  of  the  process.  The 
glucose-6-phosphate  is  oxidized  by  dehydrogenase  into  glucono- 
6-phosphate,  which  in  turn  undergoes  further  oxidation  under 
the  influence  of  another  dehydrogenase  into  a  3-  or  2-keto- 
glucono-6-phosphatej  simultaneously,  a  spontaneous  decarboxyla¬ 
tion  of  ketogluconophosphate  on  C]_  takes  place,  and  the  iso¬ 
merization  leads  to  the  formation  of  pentoses,  riboso-ribuleso- 
and  xylulose-5-phosphate .  The  coenzyme  of  both  dehydrogenases 
is  trlphosphopyridine  nucleotide  (TPK),  which  is  deoxidized 
to  TPNH. 

During  further  stages,  a  rearrangement  of  remnants  of 
the  two  pentose-phosphate  molecules  takes  place  in  such  a  way 
as  to  form  a  glucose-6-pho3phate  which  is  again  decarboxylated 
by  the  two  aforementioned  dehydrogenases.  The  corresponding 
enzymes  are  transaldolase  and  transketolase .  Schematically, 
this  gradual  oxidation  of  residues  of  pentose-phosphates 
appears  as  follows; 
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Thus,  in  addition  to  trlosephosphate,  there  are  formed 
sugars  heretofore  uncommon  in  the  biochemistry  of  mammals, 
that  are  characterized  by  seven  carbon  atoms  (sedoheptuleso- 
phosphates)  and  four  carbon  atoms  (erythrosophosphates) .  In 
our  previous  work  the  problems  of  the  biochemistry  of  the  pen¬ 
tose  cycle  were  analyzed  in  more  detail  (Sonka,  Cernoch) . 

Role  of  the  pentose  cycle  in  the  dynamics  of  the  organism 
The  question  of  the  role  in  the  utilization  of  glucose 
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played  by  the  pentose  cycle  has  interested  biochemists  for 
several  years.  In  the  first  works  relating  to  this  subject, 
published  in  1955-1956  (Wenner,  Bloom,  Bernstein),  it  was 
calculated,  on  the  basis  of  studies  of  labeled  glucose-6- 
phosphate  on  the  first,  second  and  sixth  atoms  of  carbon, 
that:  50  percent  of  glucose  utilized  in  rat’s  liver  is  oxidized 
through  the  pentose  cycle.  At  the  beginning  of  1956,  by 
means  of  perfected  methods  of  calculation  and  the  use  of  more 
complex  methods,  it  was  demonstrated  that  seven  to  ten  percent 
of  the  oxidation  is  accomplished  by  the  pentose  cycle  (Ashmore, 
Katz,  ¥enner). 

If  we  study  the  fate  of  labeled  glucose  in  the  organism 
not  only  from  the  points  of  view  of  oxidation  and  CO2  forma¬ 
tion  but  also  as  to  its  inclusion  in  other  types  of  molecules, 
it  becomes  evident  that,  out  of  100  glucose  molecules,  two 
are  oxidized  through  the  pentose  cycle,  I8  are  included  in 
glycogen,  55  si*®  hydrolyzed  up  to  glucose  and  enter  the 
blood  stream,  and  25  are  destroyed  through  anaerobic  glyco¬ 
lysis  (Sonka) .  Such  a  small  role  of  the  pentose  cycle  in 
glucose  metabolism  does  not,  however,  diminish  the  significance 
of  this  process.  Undoubtedly,  the  main  sources  of  energy  in 
glucose  metabolism  are  anaerobic  glycolysis  and  CKC;  however, 
the  pentose  cycle,  as  we  shall  see  later,  fulfills  special 
tasks.  Furthermore,  the  enzyme  activity  of  the  pentose  cycle 
under  physiological  conditions  is  not  uniform  in  various 
tissues,  and  it  is  subjected  to  the  influence  of  various 
activators  and  inhibitors  in  the  same  tissue.  It  is  signifi¬ 
cant,  for  instance,  that  the  enzyme  activity  of  the  pentose 
cycle  (in  relation  to  the  total  utilization  of  glucose  by 
corresponding  tissues)  is  almost  zero  in  the  skeletal  muscu¬ 
lature,  and  in  the  brain,  it  is  insignificant  (Glock,  A.  P. 
Barlchash  and  M.  Ya,  Timofeyeva)  or  zero  (¥enner),  whereas 
myocardium  (Rudolph  and  Olsen)  possesses  pentose  cycle  acti¬ 
vity  analogous  to  that  of  the  liver  (¥8nner,  Glock  and  Kelly), 
kidneys  (¥enner),  retina,  crystalline  lens  (v.  A.Engel 'gardt 
and  A.  P.  Barkhash) .  The  highest  activity  was  observed  in 
certain  genital  organs  (Rudolph  and  Olsen)  and  especially  in 
the  lymphatic  tissue  and  thymus  (Kit,  ¥enner),  suprarenal 
cortex  (Kelly,  Glock),  and  in  the  ovary  and  mammary  gland 
during  lactation  (Glock). 

Hormones  and  endocrinopathology 

1.  Glucocorticoids  and  ACTH.  In  some  of  our  works  we 
called  attention  to  the  increased  activity  of  the  pentose 
cycle  in  the  erythrocytes  of  patients  with  surgical  traumas, 
myocardial  infarct,  pulmonary  infarct,  etc.  (Sonka,  Dubovsky, 
Palek).  ¥e  observed  also  an  increased  activity  of  the  pentose 
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cycle  In  the  erythrocytes  of  rats  with  advanced  anoxia 
(Kopecky)  and  in  erythrocytes  of  schizophrenic  patients 
during  a  hypoglycemic  coma  (Palek) .  It  was  assumed  that  we 
were  dealing  here  with  a  nonspecific  activlzatlon  of  the 
suprarenal  cortex  which  could  Influence  the  pentose  cycle  of 
glucocorticoid  formation.  It  turned  out,  however,  that  the 
use  of  cortisone  in  vivo  has  no  effect  on  the  pentose  cycle, 
whereas  ACTH  employed  in  vivo  causes  a  marked  Increase  of 
activity  in  the  Intact  incubated  cells ;_hsmolysates  ancjL  homo¬ 
genates  do  not  react  to  ACTH  (Sonke,  Kalousek,  Dubovsky, 

Palek) .  These  results  correspond  to  the  fact  that  ACTH  acti¬ 
vates  phosphorylaSe  in  the  suprarenal  cortex  onlv  in  whole 
organs  or  sections,  and  hot  in  homogenates  (Drew).  It  is 
also  stated  in  that  work  that  the  biosynthesis  of  glucocorti¬ 
coids  is  possible  only  through  11 -hydroxylase,  the  coenzyme 
Of  which  is  TPKH;  TPN,  in  a  reduced  form,  maintains  the  pen¬ 
tose  cycle  activity,  as  is  proved  by  the  high  activity  of  the 
pentose  cycle  in  the  suprarenal  cortex  (Kelly). 

Thus,  ACTH  changes  the  phosphorylase  activity  of  the 
suprarenal  glands  as  well  as  the  activity  of  other  enzymes 
and,  most  probably,  it  Influences  both  dehydrogenases  of  the 
pentose  cycles  this  effect  occurs  not  only  in  the  suprarenal 
cortex  but,  to  a  cer-taln  extent,  in  some  other  tissues  as  well 
(erythrocytes).  Researchers  who  proceeded  from  analogous 
premises  but  worked  with  homogenates  (Glock,  Rudolph)  did  not 
observe  the  activating  effect  of  ACTH  on  the  pentose  cycle. 

2.  Thyroxin.  In  vivo  thyroxin  causes  activation  of 
anaerobic  glycolysis  and  the  pentose  cycle  in  liver  homogenates 
(Glock)  and  in  rat  erythrocytes  (Palek) .  In  patients  with 
thyrotoxicosis  there  was  observed  an  increased  activity  of  the 
pentose  cycle  in  erythrocytes.  It  is  Important  to  note  that 
TPRH  is  essential  for  the  transformation  of  phenylalanine  into 
tyrosine.  This  means  that  the  pentose  cycle  influences  the 
formation  of  thyroxin  (Wolin) .  The  use  of  methylthlouracil 
led  to  the  normalization  of  the  pentose  cycle. 

3.  Estrogens  and  androgens.  Estrogens  and  androgens 
had  no  effect  on  the  pentose-cycle  activity  either  in  women 
during  th.e  post-climacteric  period  (Palek),  or  in  male  rate 
undergoing  castration  (Dubovsky).  In  contrast  to  this,  Rudolph 
and  Olsen  think  that  estrogens  and  androgens  exert  an  indirect 
activating  influence  on  the  pentose  cycle. 

4.  Physiological  and  pathological  growth  (tumors). 
Past-growing  tissues  utilize  a  large  quantity  of  nucleotides. 
Ribose  for  ribonucleic  acid  comes  from  the  pentose  cyclej 
desoxyribose,  on  the  contrary,  is  formed  first  of  all  in  the 
synthesis  of  2C  and  30  fragments  of  glucose  (G.  A.  Krltskly). 
However,  Bernstein  noted  in  an  experiment  on  chicks  that  ri¬ 
bose  for  f ibonucleotldes  is  formed  apparently  via  synthesis  of 
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glucose  fragments  rather  than  from  decarboxylation  of  glucose. 
Indeed,  i't  bis  been  proved  that  the  younger  the  tissues,  the 
more  pronpuhded  is  the  activity  of  the  pentose  cycle.  This 
is  illustbibid  by  the  work  of  Krai  who  studied  the  pentose 
cycle,  illustrated  by  the  work  of  Krai  who  studied 

the  pentbie  "cycle  activity  in  the  growing  eggs  of  a  sea  urchin 
and  demonstrated  that,  as  differentiation  progressed,  there 
was  a  gradual  decrease  in  the  amount  of  glucose  affected  by 
the  pentose  cycle,  down  to  an  amount  characteristic  for  an 
adult  (^rganism.  ijialogous  phenomena  are  observed  also  in 
regenerating  tissues  (Touster).  It  is  necessary  to  note  that 
in  plants,  in  contrast,  the  pentose  cycle  plays  a  secondary 
role  in  merlstems  where  growth  is  most  intense,  and  that  the 
cycle  is  observed  only  in  differentiated  plant  tissues  (G.  A. 
Kritskiy),  primarily  in  the  so-called  preclimacteric  phase  of 
fruit  ripening. 

The  activity  of  the  pentose  cycle  enzymes  can  be 
proved  to  Increase  also  during  the  malignant  growth  of  tissues. 
In  this  connection  it  is  necessary  first  to  recall  the  work 
of  Manks,  whose  methods,  however,  were  not  satisfactory.  On 
two  occasions  we  studied  this  problem,  and  found  that  the 
erythrocytes  of  cancer  patients  (with  the  exception  of  bron¬ 
chogenic  cancer  patients)  form  from  glucose  an  Increased 
amount  of  ribose,  as  well  as  sedohentulose .  Our  data  con¬ 
firmed  other  work  which  demonstrated  a  higher  activity  of  the 
pentose  cycle  directly  in  the  homogenates  of  various  experi¬ 
mental  tumors  of  rats  (Villakicenclo,  Kit,  Wenner,  Abraham, 

G.  A.  Kritskiy). 

The  abnormal  metabolism  in  cancer  and  leukemia  pa¬ 
tients  is  observed  also  in  cells  not  connected  with  the  tumor 
(erythrocytes);  hence  we  are  dealing  here  with  either  a 
himoral  regulator  (ACTK  load)  or  a  metabolic  change  caused 
by  the  effect  of  the  carcinogenic  virus  on  the  organism;  it 
is  knovm  that  some  forms  of  viruses  and  bacteriophages  can 
inhibit  glycolysis  in  bacteria,  and  thus  indirectly  stimulate 
the  pentose  cycle  (Cohen) .  Bacteria  affected  by  the  virus 
are  compelled  to  produce  another  type  of  nucleotide  than  the 
one  they  need.  For  example,  E.  coli,  affected  by  a  bacterio¬ 
phage,  produces  ribonucleotides  characteristic  of  the  bacterio¬ 
phage,  instead  of  desoxyrlbonucleotldes .  Another  factor  in¬ 
creasing  the  pentose  cycle  activity  in  cancer  patients  could 
be  the  considerable  need  for  ribose  for  the  rapid  formation 
of  ribonucleic  acid. 

The  effect  of  cytostatic  substances  has  been  utilised 
up  to  the  present  only  from  the  point  of  view  of  blocking  the 
synthesis  of  the  purine  or  pyrimidine  nucleus  of  the  nucleo¬ 
tides;  however,  it  has  not  yet  been  determined  whether  these 
substances  exert  an  inhibiting  effect  also  on  the  process  of 
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CormatLon.  of  ribose  from  desoxyribose,  the  other  component 
of  nnpleotides. 

more  active  pentose  cycle  In  tumor  tissue  could  also 
explain  the  Pasteur  effect  (Sonka). 

5.  Insulin.  Insulin  in  vitro  does  not  affect  the 
pentose  cycle  in  erythrocytes;  in  vivo  administration  of  20 
unitS/.of  insulin  to  healthy  individuals  also  has  no  effect 
on  thb  activity  of  the  pentose  cycle  in  erythrocytes;  however, 
administration  of  100  to  140  units  of  insulin  to  schizophrenic 
patients  considerably  activates  the  pentose  cycle  in  erythro¬ 
cytes  but  not  in  hemolysates  (see  effect  of  ACTH).  Anti¬ 
diabetic  sulfanilamide  preparations,  which  in  vitro  and  in 
vivo  do  not  cause  any  marked  hypoglycemia,  do  not  affect  rats 
(Palek) .  In  elderly  diabetic  patients  the  activity  of  the 
pentose  cycle  in  erythrocytes  was  normal  or  slightly  diminished 
in  contrast,  in  young  individuals  in  ketosis  or  even  coma, 
pentose  cycle  activity  was  observed  to  increase  (effect  of 
ACTH) . 


The  processes  of  synthesis  and  disintegration  of  fatty 
acids  were  clarified  by  the  discovery  of  the  Linen  cycle  of 
fatty  acids.  Here,  too,  the  pentose  cycle  acts  as  a  regu¬ 
lator  (Milsteln,  Touster  Hollman),  in  changing  within  the 
medium  the  ratio  of  TPN  to  TPNH,  which  represents  the  co¬ 
enzyme  of  the  reaction  §cetate-crotonyl CoA  TPHH  7  TPN  •+ 

butyryl-?  CoA  cholesterln  .  there  is  a  predominance  of 
TPNH  in  the  medium  (  that  is,  if  the  pentose  cycle  is  active 
a  liposynthesls  takes  place;  if  there  is  a  predominance  of 
TPN  the  pentose  cycle  is  Inactive  and  the  fats  disintegrate. 

In  corespondence  with  this  discovery,  Sllvovski,  working  in 
our  laboratory,  detected  an  increased  activity  of  the  pentose 
cycle  in  the  erythrocytes  of  obese  women.  We  are  Investigating 
at  present  the  effect  of  various  methods  of  treatment  of 
obesity  on  the  activity  of  the  pentose  cycle.  The  discovery 
of  nontoxic  Inhibitors  of  this  cycle  would  open  up  a  new 
path  in  the  treatment  of  obesity;  thus  far,  however,  we  have 
succeeded  only  in  clarifying  one  of  the  causes  of  weight 
Increase  in  hogs ,_ following  administration  of  antibiotics;  sane 
antibiotics  notably  terramycin  and  ambramycln)  substantially 
increase  the  utilization  of  glucose  in  erythrocytes,  mainly 
through  the  pentose  cycle.  Here  we  are  dealing  not  with  the 
destruction  of  the  parasitic  bacterial  flora  in  the  intestines, 
the  effect  usually  ascribed  to  antibiotics,  but  with  a  non¬ 
specific  effect  on  the  corresponding  enzymic  systems  (Kohoutek) 
Sometimes  this  effect  causes  also  a  sudden  Increase  of  weight 
in  patients  who  had  been  given  antibiotics  for  some  inslgnlfi- 
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cant  disease. 


Muscular  activity 

Vfe  thought  that  marked  muscular  tension  might  serve 
as  a  load  inOreaaing  the  activity  of  the  pentose  cycle. 

It  turned  out,  however,  that  skeletal  muscles  do  not  contain 
pentose  cycle  enzymes,  and  that  the  glucose  is  split  in  this 
instance  exclusively  by  means  of  glycolysis.  In  the  erythrocy¬ 
tes  of  horses  after  intense  muscular  exertion,  and  in  those 
of  rats  compelled  to  swim,  we  observe  a  similar  result, 
namely  activlzation  of  glycolysis  and  depression  of  the  pentose 
cycle.  However,  in  track  athletes  we  observed,  in  isolated 
cases,  the  reverse  reaction  (Kalousek) .  We  pointed  out  in 
the  discussion  that  the  atypical  biochemical  reaction  to 
muscular  tension  may  represent  either  the  result  of  over  train¬ 
ing  or  a  manifestation  of  individual  characteristics  which  do 
not  favor  the  achievement  of  best  athletic  results  without 
endangering  the  health  of  the  record-seeker.  We  had  great 
difficulty  in  finding  athletes  for  this  study. 

Because  of  its  Importance,  this  work  deserves  to  be 
continued  by  some  Institute  of  physical  culture  where  a  large 
number  of  athletes  would  be  available  for  puncture  of  a  vein 
following  a  standard  athletic  exertion. 

CO2  fixation  in  mammals 


Inclusion  of  CO2  within  large  molecules  has  been  con¬ 
sidered,  until  recently  a  unique  characteristic  of  green 
plants  (photosynthesis).  It  has  been  proved,  however,  that 
mammalian  tissue  also  may  contain  CO2  within  the  molecules. 

For  example,  experiments  have  demonstrated  that  Cl'^-Tagged 
bicarbonate  ^tagged  C02’’^  administered  intravenously,  appears 
in  milk  in  molecules  of-sugar,  amino  acids  and  fat  (Sonlca). 

The  COg  fixation  takes  place  at  the  pentose-phosphate  stage, 
so  that  actually  we  are  dealing  here  with  a  reverse  pentose 
cycle  (Jacoby) .  In  principle,  photosynthesis  proceeds  along 
the  same  lines  as  the  pentose  cycle  but  in  the  opposite 
direction.  In  plants  there  is  observed,  in  addition  to 
anaerobic  glycolysis,  pentose  cycle  activity  regulated  similar¬ 
ly  to  that  in  animals.  Thus,  for  example,  we  are  unable  to 
prove  that  the  pentose  cycle  in  meristems  is  manifested  only 
in  differentiated  tissue  (Stoppani).  The  rise  of  activity 
of  pentose  cycle  in  fruits  during  the  so-called  preclimact¬ 
eric  phase  is  notable.-  The  collected  fruits  lose  their  green 
color,  become  softer,  and  acquire  their  characteristic  taste 
and  flavor.  At  this  stage  there  is  an  Increase  in  utilization 


-  7  - 


of  Op  and  elimination  of  CO2.  There  Is  a  temporary  Increase 
pentose  pycle  activity  which  is  explained  by  the  fact  that 
'%t  Is  essential  during  the  preclimacteric  period  for  the 
Synthesis  of|;some  substances  characteristic  of  the  ripe  fruit. 
The  pentose -cycle  is  also  needed  for  the  maintenance  of  a  co¬ 
rrect  ratio  between  L-ascorblc  and  dehydroascorbic  acid  in 
plants  (Marfe). 


Chemotherapeutic  substances 


It  Is  possible  that  some  medicinal  substances  commonly 
employed  act  precisely  through  the  pentose  cycle,  for  example, 
the  aforementioned  hormones,  cystostatlc  substances,  anti¬ 
biotics  and  antidiabetic  sulfanilamide  preparation.  In  this 
section  we  shall  return  to  antibiotics,  and  we  shall  also 
discuss  several  groups  of  chemotherapeutic  substances. 

Besides  the  fact  that  some  antibiotics  erJiance  the 
process  of  glucose  utilization  through  the  pentose  cycle, 
it  Is  necessary  to  remember  that  a  number  of  microorganisms 
receive  their  energy  from  glucose  only  or  mainly  through 
the  pentose  cycle.  This  problem  was  studied  in  general 
by  De  Ley  who  established  that  the  species  Aerobacterlum 
Escherichia,  Paracolobacterlum,  Serratla,  Klebsiella, 
Sa3.monella,  and  Enterobacterlalae  utilize  glucose  mainly 
through  the  pentose  cycle,  whereas  in  the  Proteus  Erwinia 
species  the  pentose  cycle  plays  a  less  Important  role.  The 
literature  in  this  respect  Is  very  extensive j  we  cite  here  at 
random  several  other  species  of  microorganisms  which  contain 
pentose  cycle  enzymes:  Corynebacterium  creatovorans,  Aceto- 
bacter  suboxydans,  Aspergllus  niger,  Sarcinallutea,  Lacto¬ 
bacillus  pentosus.  Pseudomonas  fluorescens,  Sacharoflla,  B. 
subtilis,  Propionlbacterlum  pentosaceum,  as  well  as  yeast 
fungi  (Torula  utllis),  etc. 

The  above  is  true  also  of  viruses  in  cases  where,  de¬ 
pending  on  the  type  of  virus,  the  metabolism  of  the  affected 
host  cells  also  undergoes  change.  It  is  possible  that  in 
some  virus  diseases  a  change  takes  place  also  in  the  manner 
of  glucose  splitting  in  the  affected  tissues. 

Studies  have  been  also  carried  to  elicit  the  pentose 
cycle  in  parasites.  It  has  been  found  that  Trlpanosoma 
rhodesiense  has  no  enzymes  (Grant).  However,  in  Insects 
(Musca  domestioa)  the  thoracld  flying  muscles  utilize  a 
complex  pentose  cycle,  and  the  effect  of  some  Insecticides 
is  precisely  to  block  this  cycle.  Also,  some  fungicides 
(ethylenethiuram,  for  example)  exert  a  specific  inhibiting 
effect  on  the  dehydrogenases  of  the  pentose  cycle  (Chefurka). 

We  have  been  pursuing  also  the  effect  of  largactyl  on 
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the  pentose  cycle.  It  was  elicited  accidentally  that  in  the 
erythrocytes  of  parturient  women  who  had  received  this  pre¬ 
paration  there  was  a  considerable  diminution  of  the  utiliza¬ 
tion.’  of  glucose  by  both  methods  (Stepanovsk^) .  We  checked 
this  effect  later  on  rats  (Kalouskova) ,  Some  of  the  sub¬ 
stances  were  tested  only  accidentally^  but  it  is  our  opinion 
that  it  would  be  worthwhile  to  examine  all  substances  which 
exert  some  influence  on  the  metabolism,  even  if  they  seem  to 
have  no  effect  whatever  on  the  metabolism  of  glycides.  It 
would  be  expedient  to  clarify  the  effect  of  cytostatic,  anti- 
helminthic,  delntoxlcating,  and  antirheumatic  substances,  etc. 
It  is  possible  that  the  effect  of  some  of  them  is  due  precisely 
to  the  inhibition  or  activation  of  the  pentose  cycle,  which 
manifests  itself  in  changes  in  the  concentrations  of  TPW, 

TPlJH,  SH-SS  and  other  substances  subsequently  affecting  the 
metabolism. 

We  must  also  mention  the  SH-substances  that  enter  into 
the  composition  of  some  enzymes  (and  also  TPN-dehydrogenases) 
and  are  found  also  in  protoplasm  in  a  free  state.  Their 
hydrogen  is  very  mobile  and,  by  virtue  of  the  fact  that  they 
may  be  oxidized  or  reduced  rapidly,  they  contribute  to  the 
maintenance  of  the  redox  potential.  It  is  possible  also  that 
they  participate  in  the  transfer  of  hydrogen  in  certain  oxi¬ 
dation  processes.  The  SH-substances  are  very  sensitive  to 
certain  "poisons"  (hea^/y  metals,  for  instance),  while  in  an 
anaerobic  medium  they  tend  to  become  oxidized.  In  deoxidized 
form  they  are  retained  mainly  by  the  pentose  cycle  dehydro¬ 
genases  (Backer,  Beutler),  and  possibly  also  by  glucocorticoids 
(Wenner);  conversely,  they  affect  the  pentose  cycle  by  acceler¬ 
ating  it. 

The  practical  significance  of  SH-substances  has  grown 
in  connection  with  a  report  that  deoxidized  SH-substances  may 
be  used  as  protection  from  ionizing  radiation.  The  question 
arises  as  to  whether  the  pentose  cycle  participates  here  in 
the  deoxidation  of  SH-substances. 

Vitamins 


The  relation  of  vitamins  to  the  pentose  cycle  is  of 
interest.  Thiamine  acts  as  a  KO-transkelotase,  and  an  accumul¬ 
ation  of  pentoses  in  the  medium  results  (Huennekens ) .  Also, 
L-ascorblc  acid,  which  originates  in  connection  with  the  pen¬ 
tose  cycle,  may  Itself  Influence  the  activity  of  the  pentose 
cycle  in  tissues  (through  the  correlation  between  ascorbic  acid 
ano.  dehydroascorbic  acid).  This  fact  explains  the  high  concen¬ 
tration  of  Vitamin  C  in  the  suprarenal  cortex  observed  concurr¬ 
ently  with  the  high  activity  of  the  pentose  cycle  enzymes  (see 
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also  the  section  on  CO2  fixation) . 

Blood  conservation 

An  eii‘ythrocyte  cannot  be  regarded  as  a  dead  formation 
containing  hemoglobin  which  transfers  oxygen  in  a  purely 
automatic  'Vfay.  An  Intact  erythrocyte  must,  during  the  few 
months  of  Its  existence  in  media  with  different  cncotid  pre¬ 
ssures,  maintain  its  form  and  potassium  level,  prevent  the 
penetration  of  sodium,  renew  its  surface  as  it  wears  out 
mechanically,  etc.  In  order  to  perform  these  tasks,  the 
erythrocyte  needs  energy  which  it  obtains  via  ambient  splitting 
of  glucose.  Therefore  in  blood  transfusions,  the  conserving 
fluids,  which  contain  glucose,  substantially  prolong  the  life 
span  of  the  erythrocytes  introduced.  Until  now  it  was  thought 
that  the  erythrocytes  split  the  glucose  by  means  of  glycolysis, 
and  thus  the  presence  of  dehydrogenases  of  the  pentose  cycle 
was  considered  to  be  of  little  practical  significance.  Recent 
reports  that  the  addition  of  certain  nucleotides  substantially 
Increases  the  storage  period  for  conserved  blood  again  stim¬ 
ulated  interest  in  the  pentose  cycle  of  erythrocytes .  It  was 
discovered  that  ''plrunriboside"  ^urinrlboslde^7  is  split  into 
purine  and  ribose-l-phosphate,  the  intermediate  product  of  the 
pentose  cycle  (Huennekens ) .  Another  substantial  proof  was 
the  discovery  of  methemoglobin  reductase,  an  enzyme  which 
transfei’s  hydrogen  from  TPUH  to  methemoglobin,  and  thus  re¬ 
generates  hemoglobin.  The  sole  producer  of  TPKH  in  erythro¬ 
cytes  is  the  pentose  cycle;  this  means  that  the  latter  plays 
a  part  in  enhancing  the  vitality  of  erythrocytes  (James). 
Finally,  it  is  noteworthy  also  that,  thanks  to  TPNH,  the  ery¬ 
throcytes  are  able  to  renew  the  lipids  in  their  membranes .  In 
examining  new  conserving  mixtures,  it  will  be  necessary  to 
test  mainly  those  activators  of  the  pentose  cycle  which  trans¬ 
fer  hydrogen,  for  example,  methylene  blue  and  SH- substances . 

Pentosuria 

Of  independent  significance  is  the  so-called  idiopathic 
pentosuria.  Clinicians  have  devoted  many  reports  to  this 
disease,  but  the  biochemical  bases  of  this  metabolic  distur¬ 
bance,  which  frequently  affects  whole  families,  have  not  been 
known  until  now.  After  time-consuming  analyses,  which  often 
led  to  contradictory  results,  the  conclusion  has  finally  been 
reached  that  we  are  dealing,  in  a  considerable  number  of  pen¬ 
tosuria  cases,  with  an  L-xylulose  (2-ketoxylose) .  This  sugar 
originates,  apparently,  during  the  oxidation  of  D-glucuronic 
acid  (Touster)  or  during  the  incomplete  transformation  of  L- 
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xylulose  into  xylytol  (Hollman) ,  the  interinediate  stage  between 
L-  and  D-xylulosej  D-xylulose  thus  represents  the  normal  meta¬ 
bolite  of  the  pentose  cycle. 

Conclusion 


Though  the  pentose  cycle  has  been  discovered  compara¬ 
tively  recently,  already  a  number  of  clinical  problems  conn¬ 
ected  with  its  presence  are  being  formulated.  Among  these 
are  (l)  effect  of  ACTH  on  the  pentose  cycle  and  hydrocortisone 
synthesis;  (2)  the  activating  effect  of  thyoxln  on  the  pentose 
cycle  and  the  effect  of  the  latter  on  cholesterin  biosynthesis; 
(4)  the  regulating  effect  of  the  pentose  cycle  on  the  biosyn¬ 
thesis  of  fats;  (5)  the  relation  of  the  pentose  cycle  to  micro¬ 
organisms,  Infections  and  antibiotics,  fungicides  and  insecti¬ 
cides;  (6)  the  effect  of  certain  chemo-therapeutlc  substances 
(ganglioplegic)  on  the  activity  of  the  pentose  cycle;  (7)  the 
pentose  cycle  and  ionising  radiation;  (8)  the  pentose  cycle 
and  blood  conservation;  (9)  pentosuria;  (10)  photosynthesis 
in  plants. 

The  aforementioned  problems  are,  in  the  majority  of 
cases,  in  the  stage  of  initial  study  and  will  require  syste¬ 
matic  investigation.  ¥e  do  not  recommend  the  use  of  radio 
Isotopes  in  clinical  studies  on  human  erythrocytes. 

Appendix 

The  study  of  the  pentose  cycle,  which  until  recently 
had  been  the  exclusive  concern  of  biochemists,  was  carried  out 
on  tissue  homogenates  (at  first  on  rat  liver  homogenates), 
as  well  as  via  administration  of  labeled  glucose  or  its  de¬ 
rivatives  to  rats .  The  correlation  of  the  data  obtained  with 
medical  data  has  met  with  methodological  difficulties.  True, 
hepatologists  (E.  Schmidt  and  P.  Schmidt)  are  trying  to  as¬ 
certain  the  activity  of  pentose  cycle  enzymes  in  liver  pun- 
ctates  in  their  patients,  but  this  method  of  obtaining  material 
for  enzymic  study  is  unfit  for  general  use  in  practice;  still 
more  difficulties  would  be  encountered  in  the  use  of  this 
method  for  the  study  of  changes  in  pentose  cycle  activity  over 
brief  periods  of  time,  for  example,  after  certain  stresses 
(administration  of  glucose,  hormones,  etc.).  The  study  avail¬ 
able  biochemical  materials  (urine  or  serum)  did  not  appear 
promising  to  us  nevertheless,  in  1953  we  began  studying  the 
pentose  cycle  in  humans  after  having  discovered  accidentally 
an  increased  quantity  of  pentoses  in  the  urine  of  individuals 
who  had  been  given  ACTH  (Sonka) .  However,  taking  into  account 
the  difficulty  of  standardizing  the  concentration  of  the  urine 
and  the  elimination  of  sugars  and  enzymes,  we  gave  up  searching 
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for  a  methbtj.  based  only  on  urine  analysis. 

Menkes  and  Peleman  demonstrated  that  the  blood  serum 
of  cancer  patients  splits  ribose  and  some  other  pentoses 
abnormally  rapidly  (although  they  were  not  aware  of  the  ex¬ 
istence  of  the  pentose  cycle  and  attempted  to  utilize  these 
facts  for  the  diagnosis  of  malignant  tumors).  Their  works 
were  subjected  to  criticism,  and  it  was  pointed  out  that  not 
all  cancer  patients  have  a  pronounced  pentolysis  and  that 
therefore  this  could  not  be  used  as  a  test  (Kubovltz,  Roe). 
Menkes  and  his  critics,  in  their  search  for  a  reliable 
"diagnostic  test"  for  cancer,  did  not  notice  the  true  signifi¬ 
cance  of  the  existence  of  a  more  active  pentose  cycle  in 
cancer  patients. 

In  view  of  the  aforementioned  methodological  difficul¬ 
ties,  we  turned  to  the  study  of  erythrocytes  in  regard  to 
which,  in  addition  to  anaerobic  glycolysis,  the  presence  of 
certain  enzymes  of  the  pentose  cycle  has  already  been  proved 
(Br uns, Warburg ) .  It  is  necessary  to  point  out  that  anaerobic 
glycolysis  in  the  erythrocytes  terminates  with  accumulation  of 
2,3-diphosphopyruvate  and  lactate  (Gousley);  in  this  connection, 
only  certain  vestigial  enzymes  of  the  citric  acid  cycle  remains 
in  mature  erythrocytes  (Spicer).  The  possibility  is  not  ex¬ 
cluded  that  erythrocytes  contain  only  enzymes  of  the  gliooxy- 
late  cycle  (V.  A.  Engel *gardt) . 

In  the  course  of  time  we  established  the  following 
recommended  working  method,  the  details  of  which  have  been 
published  (Kalousek,  Palek) .  Venous  blood  is  collected  in 
test  tubes  treated  with  heparin.  Following  centrifugation, 
the  plasma  and  upper  layer  of  leucocytes  are  removed.  The 
erythrocytes  then  are  washed  twice  in  a  phosphate  buffer 
(pK  7*'^)  with  a  physiological  solution  and,  after  centrifuga¬ 
tion,  the  upper  erythrocyte  layer  is  removed.  After  this, 
one  ml  of  the  erythrocyte  suspension  (hematocrit  80)  is  in¬ 
cubated  in  a  washing  solution  to  which  glucose  is  added  up 
to  a  concentration  of  120  mg-percent.  From  part  of  this 
suspension  the  proteins  of  trichloracetic  acid  are  removed 
immediately,  while  the  other  part,  after  vigorous  shaking 
(saturation  with  oxygen),  is  incubated  in  a  thermostat  at  37® 

for  three  hours,  after  which  the  proteins  are  removed  by  the 
same  method. 

We  extracted  phospho-sugar  for  12  hours  at  a  tempera¬ 
ture  of  one  degree,  and  then  determined  the  decrease  in  glu¬ 
cose  and  increase  in  ribose  contents  in  the  incubated  and  the 
control  specimens  by  means  of  the  Bial  reaction  as  modified 
by  Meybaumova;  then  we  measured  the  absorption  maximum  on 
the  Coleman  Gun  spetrophotometer  at  wavelengths  of  540  m  and 
630  m.  We  eliminated  the  possible  coincidence  of  both  stained 
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complexes  by  means  of  Knudson’s  equation  tvo  uhknbwns. 

On  the  basis  of  the  data  thus  obtained,  we  calculated  the  . 
coefficient  R/  X  100  (R  quantity  of  ribose  formed  G  quantity 
/Q 

of  glucose  metabolized  in  one  ml  of  Incubated  erythrocyte 
suspension  during  a  three  hour  periodj  both  quantities  are 
expressed  in  micromoles).  The  figures  obtained  corresponded 
with  the  data  'Of  other  authors  in  regard  to  the  percentage 
activity  of  the  pentose  cycle  in  the  rat  liver  homogenates 
and  sections  and  in  certain  other  tissues,  and  in  the  utiliza¬ 
tion  of  Cl^-labeled  phosphoryiated  derivatives  of  glucose, 
on  the  fii*3t,  second  and  sixth  carbon  of  the  glucose  molecule 
(Ashmore,  Wenner) . 

Finally,  in  the  studies  carried  out  with  human  ery¬ 
throcytes,  in  which  tagged  atoms  were  employed,  results 
were  cited  for  the  pentose  cycle  and  anaerobic  glycolysis 
which  proved  to  be  identical  with  our  data  (G.  A.  Kritskly). 
Our  method  enabled  us  to  carry  out  a  complex  clinical  study 
of  the  regulating  mechanism  of  the  pentose  cycle  on  repeated, 
even  serial,  specimens  of  metabolically  active  tissues  in 
the  same  individuals,  although  we  were  aware  that  the  erythro¬ 
cytes  differ  somewhat  in  their  metabolism  from  hepatic  or 
muscular  cells,  for  instance,  in  the  method  of  penetration 
of  glucose  into  the  cells , 
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